BKD-infected fish were found to have consistently higher levels of 59Fe in whole blood, plasma, and liver than control fish.
Juvenile coho salmon (Oncorhynchus kisutch) of three transferrin genotypes (AA, AC and CC) were experimentally infected with the causative agent of bacterial kidney disease (BKD) and mortalities observed.
Six experimental and control groups were used:
(1) bacteria-infected + no Fe BKD-infected fish were found to have consistently higher levels of 59Fe in whole blood, plasma, and liver than control fish.
In both control and experimental fish, spleen, head kidney, and liver tissues were found to accumulate 59 Fe while white muscle and gall bladder tissues did not. pooled data for fish infected with BKD cells and treated or not treated with iron; B) fish injected only with BKD cells and saline; C) after treatment with BKD cells and high and low iron levels.
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Mean radioiron activity in whole blood, plasma, 14 spleen, liver, gall bladder, kidney and white muscle from control and BKD-infected fish at various times following 59Fe injection.
Number of fish in each sample is denoted above the bars; the line above each bar represents the mean plus the standard error.
3
Mean packed cell volumes (A), and hemoglobin (B), 18 plasma iron (C), plasma corticoid (D), and total plasma protein levels in coho salmon on various days after infection with BKD cells.
Number of fish in each sample is denoted above the bars; the line above each bar represents the mean plus the standard error; * = p < 0.05, ** = p < 0.01. Various hematological characteristics were also examined as infection with BKD progressed. This monitoring served two objectives.
RELATIVE RESISTANCES OF THREE TRANSFERRIN GENOTYPES
First, because the determination of LD50 for BKD organisms is not practical, it was desirable to develop a clinical methodology to determine the effects of the disease on the genotypes in the event that no mortalities occurred. Second, we were interested in evaluating the effects of BKD on the general adaptation syndrome which is the nonspecific response of the body to any demand made upon it, Corticoids are generally associated with this system and are known to affect disease resistance in mammals because of their role as immunosuppressants (Selye 1973) . I also investigated the dynamics of circulating iron through the progression of the disease.
II.
MATERIALS AND METHODS

Genotype Resistance Study
Yearling coho salmon from the Alsea Salmon Hatchery, Oregon, with mean fork length of 22 cm and weight of 130 g were used as test fish.
To determine the transferrin genotype of the fish, I drew approximately 0.5 ml of blood from the caudal vein with 1-ml tuberculin syringes, without seriously injuring the fish. Blood was allowed to clot, and serum obtained by centrifugation was stored at -15 C.
A numbered dangler tag was applied below the dorsal fin of each fish for identification. Transferrin genotypes were determined from the serum by using the starch gel electrophoresis procedure with a discontinuous buffering system described by Ridgway et al. (1970) . Five transferrin genotypes, AA, AC, CC, AB, or BC (Utter et al. 1970) were found in the test fish; but only the first three were used in this study because the B allele is not found in the Big Creek stock. The AA, AC, and CC fish were then transferred into separate 70-liter fiber glass tanks with flowing, aerated, chilled dechlorinated water (dissolved oxygen 10.6 mg/I, temperature 9.5 ± 1 C, alkalinity 40 mg/1 as CaCO3). Ten fish were held in each tank and fed every other day. The tanks were covered with black polyethylene to help keep the fish quiescent. The fish were acclimated to these conditions for 2 wks before treatment.
The causative agent of BKD used in this study was isolated from The types of injections administered consisted of the following:
(1) saline control fish, two injections of saline, 0.1 and 0,2 ml;
(2) BKD only fish, 5 x 108 BKD cells in 0,2 ml saline and a separate injection of 0.1 ml saline; (3) low-iron controls, 28 ug Fe+3 (ferric nitrilotriacetate) in 0.1 ml saline and 0.2 ml saline; (4) Whole spleen, liver, and gall gladder, the anterior portion of the kidney, and a section of white muscle located below the dorsal fin and above the lateral line were excised, placed in culture tubes and weighed. Aliquots of whole blood and plasma were treated similarly.
To determine whether or not the 59 Fe was excreted from the fish, the body remains of a few individuals were digested in NaOH and samples of charcoal and water weighed. 59 Fe Content was monitored in each tissue and material using a NaI well counter.
Blood Characteristics Study
Tanks, water conditions and maintenance of fish were identical to those previously described in the genotype resistance study except that water temperature was 14.5 ± 1. We determined hemoglobin levels in 0.02 ml of whole blood by the cyanmethemoglobin method, using Hycel (Houston, Texas) standards and reagents.
Packed cell volume was measured by the microhematrocrit method.
Total plasma protein was monitored with an American Optical refractometer. Blood smears were prepared and stained with Giesma's blood stain. Total plasma iron was determined in 0.2 ml of plasma by the colorimetric procedure described by Caraway (1963) . We measured corticoid levels in 0.012 ml plasma using a competitive protein binding radioassay adapted from Murphy (1967) and the total corticosteroid extraction method outlined by Donaldson and Dye (1975) .
The binding protein employed was from human male serum, which has a higher affinity for cortisol than cortisone (Slaunwhite and Sandberg 1970) .
At the time of sacrifice, kidney tissue from all fish was examined for kidney disease bacteria by the gram stain technique.
Transferrin genotypes of the survivors were determined from the plasma by starch-gel electrophoresis. (Fig. 1) . The difference between the number of AA and CC-type fish that died was significant (p < 0.05).
The results were very similar in fish injected only with kidney disease organisms and saline--AA fish had the highest number of deaths and CC the lowest (Fig. 1) .
In the infected, iron treated fish, mortality was again highest in fish of the AA genotype and lowest in the CC genotype (Fig. 1) .
Iron has been shown to play a key role in the pathology of many bacterial infections by enhancing the growth and virulence of the invading microorganisms (Sussman 1974) . Transferrin limits the amount of endogenous iron presented to the pathogens by binding the metal and making it unavailable for bacterial use (Weinberg 1974 have not demonstrated significant differences in iron affinity (Giblett 1967) , Hershberger (1970) proposed that an increased uptake This possibility is further heightened by the fact that the CC and AC genotypes were approximately 10 times as abundant as the AAtype in one year class of coho salmon from the Alsea Hatchery (McIntyre, unpublished) .
The AA genotype was more susceptible to BKD at high levels of iron than were either the AC or CC genotypes. Fifty percent of the AA fish died, whereas no AC or CC fish were lost (Fig. 1) . Although the AA genotype may be less able than other transferrin types to compete with bacteria at high iron levels, the difference may have been fortuitous since only six fish were used in each test group. The combined mortalities of fish treated with high and low-iron does closely resemble those in the test group infected with only BKD (Fig. 1) .
thus believe that the addition of exogenous iron did not significantly alter the number of deaths in any genotype of coho salmon.
There is considerable controversy concerning the form of iron that should be administered in bacterial enhancement studies. The chelated form of iron used here, ferric-NTA, is currently believed to be the form that binds iron to transferrin stoichiometrically and does not create polymeric species like those of certain organic ferrin salts (Bates et al. 1967; Hegenauer and Saltman 1975) . It is, therefore, plausible that the bacteria in the fish were unable to obtain iron for their own metabolic uses if the iron remained bound to the transferrin protein.
However, the results of the raOioiron distribution study indicated that the iron does not remain bound to transferrin. In both control and BKD infected fish 59 Fe was relatively high in whole blood and plasma 4 and 8 h after injection but gradually decreased over the 24 and 48 h periods (Fig. 2) . This decrease in 59Fe is indicative of the clearance of iron from plasma to other storage sites. Walker (1975) found a similar clearance of 59Fe (59FeC1 3 ) from the plasma of rainbow trout (Salmo gairdneri). 59 Fe stores in the spleen, kidney, and liver increased with time while those in gall bladder and white muscle tissue were generally low (Fig. 2) However, the liver is also an extremely important site for iron storage in the salmon.
The high affinity of transferrin for iron in the form of Fe-NTA helps explain the consistently higher levels of 59Fe in plasma than in the whole blood. Incorporation of 59Fe into erythrocytes in rainbow trout was found to increase rapidly, reaching a maximum 11 days after treatment with radioiron (Walker 1975) . Consequently, the difference Mean radioiron activity in whole blood, plasma, spleen, liver, gall bladder, kidney and white muscle from control and BKD-infected fish at various times following 59Fe
injection.
Number of fish in each sample is denoted above the bars; the line above each bar represents the mean plus the standard error. Fe content between whole blood and plasma lessens as more radioiron is taken up by the red blood cells.
Levels of 59 Fe found in whole blood and plasma are uniformly higher in the BKD infected fish than in the control fish (Fig. 2) .
These higher levels are either due to higher transferrin concentrations in the plasma of experimental fish or an otherwise enhanced rate of 59 Fe uptake. A correspondingly high level of hepatic 59Fe was also found in the experimental groups, indicating a possible increased rate of iron storage. Infection increased iron stores in the liver of rats by 31 percent as part of iron-specific nutritional immunity (Pekarek et al. 1972) , the process whereby circulating iron levels are decreased so that they cannot be metabolized by pathogens (Kochan 1973) . Both the enhanced transfer of iron to liver stores and the increase of transferrin in the plasma would be advantageous to the host in resisting certain infectious diseases.
Because kidney disease infections are highly resistant to antimicrobial drugs, the results of our study could be significant to fish culturists who are continually plagued by outbreaks of the disease.
They could perform specific crosses to maximize resistant genotypes and thus possible increase hatchery survival and return rates. However, because of the known complexity of genotype-environment interaction and negatively correlated traits, this possibility must be tested by carefully controlled experiments. For instance, although the CC genotype was shown to be the more resistant to BKD than the AA and AC genotypes,
we have a considerable amount of information (unpublished) concerning these genotypes in another stock of coho salmon from Big Creek Hatchery that shows the CC genotype to be much less frequent than AA and AC.
If the results of our study apply to the Big Creek fish as well as the Alsea fish, resistance to BKD for the CC genotype must play a relatively minor role in its overall viability in the Big Creek stock.
The median survival time of fish infected with BKD cells was approximately 40 days; because the blood characteristics of the fish which succumbed to the infection before their scheduled sampling period could not be monitored, the sizes of samples taken between days 20 and 46 were reduced. The resistance to BKD varies from fish to fish, and, although equally challenged, certain fish appeared refractive to the disease and did not manifest any of these symptoms. The "resistant fish" had similar blood characteristics as the uninfected control fish.
The refractiveness of some fish probably increased both the mean and standard error for most of the characteristics examined.
Both packed cell volume (PCV) and hemoglobin (Hb) concentration apparently decreased with the progression of the disease (Fig. 3) . In spite of these decreases, statistically significant differences did not exist between the means for either Hb or PCV in the last group sampled on day 46 (Hb 2.85 g/100 ml, PCV 39.6%). The lack of significant differences may be due to the small size of the test group. If these decreases in PCV and Hb are associated with the infection, they are probably caused by a reduction in erythrocytes or dilution of blood due to water retention. From examination of blood smears, there appeared to be a relative increase of leukocytes and decrease of erythrocytes over the test period. Hemopoiesis in salmonids occurs primarily in the kidney and spleen (Ostroumova 1957) . Inasmuch as Wood and Yasutake Generally, plasma proteins decreased with progression of the disease (Fig. 3) .
Most of this protein reduction may have occurred in the albumin fraction of the plasma (Hunn 1964 Plasma iron levels were lower in all test groups than in the controls except on days 39 and 46 (Fig. 3) . The mean plasma iron levels in the early and mid-test periods ranged from 51.9 ± 11.2 to 110.0 ± 23.8 pg/100 ml. If the pathogens in fish respond similarly to their counterparts in mammals, it may be highly advantageous for the host to limit the availability of endogenous iron presented to invading pathogens.
A source of readily available iron is the blood plasma. In mammals, plasma iron has been shown to decrease with the onset of infection (Pekarek et al. 1969 ). Although such a reduction of iron has not been previously demonstrated in fish, a particularly dramatic decrease in plasma iron was found in the first group sampled 4 days after infection.
The mean for this group (51.9 pg/100 ml) was markedly different from the mean for the controls (130.4 pg/100 ml) (p < 001).
The initial response by the fish may have been to sequester iron and relocate it elsewhere. These findings are consistent with the radioiron study; it is potentially possible that increased transferrin levels in diseased fish increased the rate of iron storage in the liver.
It is unlikely that blood dilution caused the immediate decrease in the day 4 group because the symptoms of the experimental infection were not yet highly pronounced and diuresis due to handling normally is of shorter duration.
Higher levels of plasma iron in the late test periods may be due to increased hemolysis of blood caused by BKD infection (erythrocytes had reduced integrity in the later stages of the disease and PCV was shown to decrease), the inability of the host's system of iron-specific nutritional immunity--if present in fishes--to function as result of the advanced stages of infection, or the refractory characteristics of fish toward BKD.
The relative amount of corticoids in the plasma appeared to decrease (Fig. 3) as the disease progressed. Six of nine test groups had a mean plasma corticoid level lower than the controls (p < 0.05).
Confoundingly, the corticoid levels of the controls were considerably higher than basal levels are believed to be (Schreck, unpublished).
My findings differ from previous research done in mammalian systems
where glucocorticoids increase as a result of the general adaptation syndrome of disease-induced stress (Selye 1973) .
The decrease in plasma corticoids may have been associated with the destruction or exhaustion of the corticoid-secreting interrenal tissue. Upon infection of the head kidney, it is possible that the ability to produce glucocorticoids is reduced. If glucocorticoids function as immunosuppressants in fish as they do in mammals, a lack of these hormones could be beneficial to the infected fish.
Of the fish employed in the blood characteristic study, the AA genotype was the most prevalent (42.9%), and the BC genotype the least prevalent (1.2%) ( Table 1) . As mentioned previously, certain fish challenged with BKD organisms were highly refractive and their hematological and histological characteristics were similar to those of the controls. A fish was considered refractive if it had no clinical symptoms of the disease and if hematrocrit was 30 percent or more or if blood hemoglobin was 6.0 g/100 ml (the lowest values found in the controls) or greater. Because the first death attributed to BKD occurred 25 days after infection, only the fish in the test groups on days 25 through 46 were considered for their ability to refract kidney disease.
The genotypes of these fish with higher resistance to BKD were as follows: two were CC, three were AC, and two were AB. The absence of the highly prevalent AA genotype among the refractive fish and the presence of a relatively high number of CC genotype is apparent. These results support the findings of the genotype resistance study that resistance to BKD is correlated to transferrin genotype.
Results from this study indicate that there is a differential resistance to BKD according to transferrin genotype in coho salmon. The AA genotype was found to be the most susceptible, the AC genotype had an intermediate susceptibility and the CC genotype was the most refractive to the disease. Although radioiron distribution demonstrated that injected iron was probably available to the invading bacteria, exogenous iron did not enhance the pathogenicity of BKD. 
